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Abstract 
The extraction of formation water for geothermal energy production in the North German Basin is affected by the 
precipitation of certain minerals, e.g. Ba sulfates. These scalings often disturb the continuous production of geother-
mal energy. PHREEQC modeling is used to predict such scalings, as well as the hydrogeochemical and technically 
induced processes occurring in geothermal energy production systems. To reproduce hydrogeochemical compositions 
of the formation water the modeling starts with the equilibration in pure water of defined mineral assemblages 
representing the rock matrix of deep formations, and potentially co-existing fixed-pressure gas phases. To simulate 
corrosion and sampling effects on the hydrochemical composition, the solutions are subsequently exposed to Fe(0), 
temperature and pressure decreases, and finally to a gas exchange with the atmosphere. The modeled results agree 
with observed scalings and hydrogeochemical data measured at five geothermal wells in the North German Basin. 
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1. Introduction 
Hydrogeochemical modeling is a helpful tool for reproducing and predicting natural 
hydrogeochemical and technically induced processes (e.g., corrosion, scale formation, outgassing) 
occurring in geothermal energy production systems. Modeling and forecasting quantitative 
hydrogeochemical changes in the highly mineralized formation waters is still a challenge, because of 
incomplete thermodynamic databases and limited geochemical knowledge of the reservoir conditions. 
Aqueous solutions in deep sedimentary basins usually contain high amounts of Total Dissolved Solids 
(TDS) and gas depending on rock matrix composition and geological setting (e.g., presence of evaporitic 
 
* Corresponding author. Tel.: 0049-5323-722540; fax: 0049-5323-722903. 
E-mail address: elke.bozau@tu-clausthal.de 
. 
Available online at www.sciencedirect.com
© 2013 The Authors. Published by Elsevier B.V.
Selection and/or peer-review under responsibility of the Organizing and Scientific Committee of WRI 14 – 2013
Open access under CC BY-NC-ND license.
Open access under CC BY-NC-ND license.
98   Elke Bozau and Wolfgang van Berk /  Procedia Earth and Planetary Science  7 ( 2013 )  97 – 100 
sediments, uptake of gas released from hydrocarbon reservoirs or by thermal maturation of organic 
carbon-bearing sediments). A general description of deep formation waters from five geothermal wells of 
the North German Basin (NGB) is shown in Table 1. The extraction of deep groundwater for geothermal 
energy production from the NGB is affected by the precipitation of certain minerals, e.g. sulfates (Ba, Ca, 
Sr) and carbonates (Ca, Fe). These scalings often disturb the continuous production of geothermal energy 
and should be avoided or minimized in the technical systems. To predict the amount and the preferred 
location of possible scalings and outgassing processes a hydrogeochemical model for the code PHREEQC 
using the Pitzer equations for the calculation of the activity coefficients in highly saline waters was 
developed. 
Table 1. Basic characteristics of formation waters from five representative geothermal energy production systems in the 
NGB, 1Hydrostatic pressure according to the density of water and the depth, 2Dominant cation(s) and anion (meq%). 
 
 Depth 
m 
T 
°C 
phydro1 
bar 
TDS 
g L-1 
Density 
kg L-1 
Water type2 
Neubrandenburg [1] 
Neustadt-Glewe [1] 
Hamburg [2] 
Horstberg [3] 
Groß Schönebeck [4] 
1200 
2200 
3250 
3800 
4200 
55 
98 
128 
150 
150 
150 
250 
400 
450 
500 
136 
217 
222 
294 
265 
1.09 
1.15 
1.15 
1.18 
1.18 
Na+/Cl- 
Na+/Cl- 
Na+/Cl- 
Na+ – Ca2+/Cl- 
Na+ – Ca2+/Cl- 
 
2. Model approach 
To calculate the activity coefficients in the highly mineralized formation waters the Pitzer approach 
[5] was used. Therefore, an extended hydrogeochemical thermodynamic database (named “gebo” data-
base) for the well known and commonly used software PHREEQC [6] has been developed by collecting 
and inserting data from the literature [7]. To make the “gebo” database suitable for the modeling of 
natural formation waters the following solution master species and redox pairs Fe, Fe(+2), Fe(+3), S(-2), 
C(-4), Si, Zn, Pb and Al were added to the commonly used database “pitzer.dat” [8] which is provided 
with the code PHREEQC. To model the hydrogeochemical composition of the formation water of the five 
wells (Table 1) and its changes two main model steps (first: in situ formation water at reservoir 
conditions, second: sampled formation water changed by technically induced processes) are considered. 
The modeled composition of formation waters (first main model step) results from the following 
hydrogeochemical processes that are analogical inserted into the PHREEQC input file:  
• dissociation of pure water at reservoir temperature, 
• dissolution of salt minerals (e.g., halite, sylvite, bischofite) leading to the formation of an in-reservoir 
brine according to the observed state of undersaturation represented by the measured concentrations of 
Na+, K+, Ca2+, Mg2+, and Cl- in the five representative NGB formation waters,  
• equilibration among the brine and the primary mineral assemblage of the reservoir rocks (quartz, 
albite, calcite, the hematite/pyrite redox buffer, anhydrite, barite, celestite, galena, sphalerite; these 
minerals are present in amounts sufficient to reach saturation) including albitisation by the dissolution 
of limited amounts of anorthite and concurrent albite precipitation,  
• irreversible reaction of carbon dioxide, methane, and nitrogen; potential formation of a multi-
component fixed pressure gas phase at reservoir conditions. 
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The modeled compositional alteration (second main model step) of the in-reservoir formation waters is 
triggered by the following technically induced hydrogeochemical processes: 
• iron corrosion of the well casing at in-reservoir temperature conditions, 
• mixing of water influenced by iron corrosion at the well casing with produced formation water 
unaffected by iron corrosion, 
• subsequent temperature and pressure decrease of the formation water influenced by corrosion (25°C 
and 1 bar) leading to outgassing,  
• equilibration among the formation water affected by the technically induced processes and an oxic 
atmosphere. 
 
Table 2. Measured data compared to modeling results (Model step I: reservoir conditions at a depth of 4200 m, Model step II: 
sampled formation water changed by technically induced processes at the surface) for the well “Groß Schönebeck”. 
 
Solution Measured data  [4, 9] 
Model step I 
150°C and 500 bar 
Model step II 
 25°C and 1 bar 
 mmol L-1 mmol kg-1 H2O mmol kg-1 H2O 
pH 5.7 5.6 5.4 
Na+ 1670 1737 1737 
K+ 74 74 74 
Ca2+ 1350 1403 1402 
Mg2+ 18 20 20 
Ba2+ 0.25 0.63 0.33 
Sr2+ 22 15 15 
SiO2(aq) 1.3 1.2 1.2 
Cl- 4713 4707 4707 
SO42- 1.5 0.9 0.2 
HS- n.a. 0.008 traces 
HCO3- 0.31 1.7 0.72 
NH4+ 4.2 0.27 0.05 
Fe 2.0 0.0007 0.78 
Pb 0.87 0.6 0.6 
Zn 1.1 10 10 
Gases    
Total gas volume ca. 15 %  0.17 L kg-1 
N2(g) 83 Vol.%  6.8 mmol kg-1 H2O (ca. 97 %) 
CO2(g) 1.7 Vol.%  0.18 mmol kg-1 H2O (ca. 3 %) 
CH4(g) 14 Vol.%  traces 
 
3. Results and discussion 
Modeling was performed for the five wells of the NGB leading to comparable results. Therefore, 
results will be discussed only for the well “Groß Schönebeck”. The analyzed water composition at the 
surface compared to the modeling results for the two main model steps for that well is shown in Table 2. 
The modeling results for the main cations and anions fit the measured data within the analytical error 
range of about 10 %. The higher differences for the aquatic sulfur and carbon species can be explained by 
the strong dependence of the modeling results according to the estimated amounts of decomposed organic 
material, the coupled gas formation and redox processes which are considered in the model. The iron 
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concentration in the modeled formation water is lower than the measured concentration. This difference 
can be explained by corrosion of the well casing which will lead to increased iron contents and is often 
observed in deep wells [10]. The corrosion effect is considered in the model step II leading to a higher 
iron concentration. The model step II also allows the estimation of outgassing components and scalings. 
Due to the allowed reactions the pH-value of the extracted formation water is decreasing, nitrogen and 
carbon dioxide are degassing. The gas of the fluid pumped in the well “Groß Schönebeck” is mainly 
composed of nitrogen, methane and up to 5 vol.% of carbon dioxide [9] which confirms the modeled 
trends. At this model step barite (modeled as solid solution of BaSO4 and SrSO4), galena and other 
minerals are precipitating. The modeled scalings are in agreement with the observations. Among the 
scalings detected during the operation of the geothermal well “Groß Schönebeck” barite, Fe as oxides or 
hydroxides, Pb as laurionite and galena, elemental lead and copper were found [9, 11].  
 
4. Conclusions 
Even considering the limitations of the model approach (e.g., not considering kinetics of redox 
reactions and scale mineral precipitation), the modeled results generally fit the measured concentrations 
in the sampled formation water, the residual sampled gas amount and contents, as well as the observed 
types of scalings. Furthermore, looking at the several single model steps the complex web of 
interdependent reactions responsible for the dominant hydrogeochemical processes that evolve 
throughout the geothermal system at high ionic strength and high temperature conditions are elucidated. 
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